Obstructive sleep apnea (OSA), a disorder characterized by repetitive collapse of the upper respiratory tract during sleep, occurs in about 4% of middle-aged men and 2% of women. The incidence of the disorder is rising due to an increase in obesity and ageing of the population. Patients with obstructive sleep apnea are at elevated risk of some endocrinal and metabolic disorders, which may lead to serious consequences including shortening of life expectancy. The recognition and understanding of interactions between local upper airway dysfunction and its endocrinal consequences is therefore vital. In this review we will focus on the influence of OSA on bone metabolism and endocrine homeostasis.
Introduction
Repetitive collapse of the upper respiratory tract during sleep is a feature of the disorder called obstructive sleep apnea (OSA). Periods of physiological sleep are disturbed by arousals related to respiratory effort, apneas or hypopneas. The patient usually complains about day time sleepiness, fatigue, lack of concentration and awakenings with a sensation of choking or heart pain. Family members notice snoring and breaks in breathing while sleeping [1] . Obstructive sleep apnea occurs in about 4% of middle-aged men and 2% of women [2] . The incidence of the disorder is rising due to an increase in obesity and ageing of the population. Long-term consequences of OSA include impaired cognitive function, insulin resistance, cardiovascular diseases and depression. It contributes to increased morbidity, mortality and health costs [3] . In this review we aim to address the issue of the influence of OSA on bone metabolism and endocrine homeostasis ( Figure 1 ).
Obstructive sleep apnea and bones
Disturbance in sleep patterns influence bone metabolism. Obstructive sleep apnea characterized by arousals disturbing the physiological rest-wakening cycle may disrupt signals mediating bone formation, e.g. interaction between bone clock genes and the suprachiasmatic nucleus.
Bone remodeling reflected by levels of bone turnover markers in urine and serum is altered by sleep disturbance. Obstructive sleep apnea influences the skeleton in several possible mechanisms, namely by inducing hypoxia, oxidative stress and changing melatonin, leptin and vitamin D secretion. The impact of OSA on bone mineral density (BMD) -an important parameter in assessing its health, especially in the elderly -is unequivocal.
Alterations in circadian rhythm change the bone. Synchrony between the environment and organism and inside the human body is necessary to maintain homeostasis. It helps to adjust the efficacy and speed of metabolic processes to changing conditions. Disruption of this balance may cause metabolic illnesses and cancer and increase mortality [4] . Rhythmicity is also noticed in some aspects of skeletal metabolism. Signals mediating bone formation and resorption, subordinate to circadian rhythms, are transmitted to bone cells from the suprachiasmatic nucleus through direct neuronal connections, hormonal impulses and other mechanisms. The skeleton presents clock genes, e.g. Cry2, Per1, Per2, and BMAL1, in osteoclasts. Their expression varies according to bodily demands, timing and external conditions [5] . What is important, when sleep patterns are altered, as in OSA, mechanisms regulating the circadian cycle also change. To conclude, it possibly leads to desynchrony in clock gene expression and influences bone metabolism.
Bone remodeling is a continuous process of its synthesis and destruction. The bone turnover markers -substances produced during bone metabolism -are partially subordinate to day/night cyclic patterns. Thus, changes in their levels in OSA patients may reflect their role in skeleton reshaping. Present in urine and blood, these markers are usually used to monitor osteoporosis treatment. Tomiyama et al. reported that OSA is associated with increased amounts of a bone resorption marker in the urine -CTX (collagen type I crosslinked C-telopeptide). Moreover, treatment of OSA with continuous positive airway pressure (CPAP) reduces the concentration of CTX in urine, possibly by restoration of the normal diurnal pattern, reducing bone resorption [6] . However, there are no reports of a negative influence of CPAP therapy in OSA on bones. It underlines the detrimental influence of sleep alteration on skeleton metabolism, but also gives hope that changes might be reversed by adequate therapy.
Bone reshaping is affected by hypoxia and oxidative stress. Normally, low oxygen concentrations in bone tissue occur during maturation and after fractures. Pathologic intermittent hypoxia characteristic for OBS creates an acidotic environment and inflammation in the skeleton associated with fractures. Obstructive sleep apnea is also associated with systemic inflammation. The Health, Ageing and Body Composition Study shows that, in subjects with high inflammation markers, the risk of fracture is markedly elevated in comparison to a group with those parameters within the normal range [7] . Recently published studies have reported reduction of those substances after CPAP treatment [8] . Moreover, deficiency of oxygen causes oxidative stress, which is characterized by excessive bioavailability of reactive oxygen species [9, 10] . It increases the possibility of fracture and osteoporosis. Obstructive sleep apnea is possibly associated with decreased total plasma antioxidant status and increased production of free radicals [11] . When bone breaks, even more free radicals are generated, finally causing lipid peroxidation. Additionally, old osteoporotic patients are deficient in antioxidative vitamins, which further worsens the condition of the tissue [12] . To sum up, hypoxia induced by OSA leads to a chain of events, which can result in bone fracture, especially in the elderly. Continuous positive airway pressure treatment, by reducing periods of low oxygenation, may likely diminish inflammation, but its role in preventing skeletal damage is unknown.
Obstructive sleep apnea, by sleep fragmentation, stimulates the sympathetic system. Its excessive activation strains bone formation. Also leptin, known as a satiety hormone [13] , indirectly increases sympathetic tone. This protein is secreted in harmony with the circadian cycle, but its levels alter due to sleep/wake and eating/fasting patterns [14] . Due to the different sleep cycle in OSA, the leptin concentration changes. Its levels increase, and decrease after CPAP treatment [15] .
Melatonin is a hormone released by the pineal gland, known for its regulatory role in the night/ day cycle. Due to frequent arousals during the night, patients with OSA are exposed to more abnormal nocturnal light, which affects melatonin secretion. Melatonin acts as an antioxidant, reducing the formation of free radicals in bone cells in in-vitro studies. Moreover, this peptide proBone remodeling, osteoporosis Hyperprolactinemia, hypogonadism
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Obesity, inflammation OSA Figure 1 . Endocrine disorders in the course of OSA motes human mesenchymal stem cells to become osteoblastic precursors. In animal models, melatonin has been shown to have a positive influence on bone metabolism [16] . In a recently published study by Amstrup, 1-year treatment with melatonin in osteopenic postmenopausal women increased BMD at the femoral neck in a dose-dependent manner. Thus, it did not change markers of bone turnover [17] . A small study by Zirlik et al.
showed that melatonin peak time occurred later than usual in OSA patients (6:00 AM). Short treatment with CPAP (3 months) normalizes secretion cycles [18] . Obstructive sleep apnea by increasing leptin secretion might be associated with promotion of bone resorption. What is more, sleep disturbances induce alteration in the melatonin cycle, depriving bones of its beneficial effects, which was described both in animals and humans. Continuous positive airway pressure therapy can normalize both leptin and melatonin levels and possibly reverse destruction of the bones. It is an additional advantage of such treatment.
Obstructive sleep apnea may affect bone also by reducing vitamin D levels. This steroid is indispensable not only in skeleton metabolism, but was claimed to have anti-cancer and anti-inflammatory properties. Bozkurt et al. observed lower vitamin D levels in OSA patients. The stage of deficiency correlated with the severity of the breathing disorder and predisposition to glucose metabolism impairment [19] . A study on the influence of CPAP in OSA on vitamin D concentration proved that short treatment (7 days) increased levels of this substance, but only in men [20] . Obstructive sleep apnea by decreasing vitamin D, besides an adverse effect on bony structure, impairs its desirable anti-inflammatory and neoplasm preventing role. This underlines even more the importance of CPAP in OSA.
Bone mineral density, which is used to assess bone structure, could be influenced by sleep disturbance. Bone mineral density indirectly gives an insight into the condition of the skeleton and is an indicator of osteoporosis and risk of fracture. Studies on the influence of OSA on BMD gave conflicting results. Sforza et al. demonstrated that proximal lumbar and femur BMD values correlate positively with the severity of nocturnal hypoxemia, suggesting a protective influence of low oxygen concentration on bone. The authors suggested that chronic intermittent hypoxia stimulates human mesenchymal stem cells to differentiate into osteoblasts [21] . On the other hand, Wang et al. examined 66 patients with chronic obstructive pulmonary disease (COPD). In subjects with concomitant OBS, bone mineral density was significantly lower than in controls [22] . Song et al. mimicked OSA in ovariectomized rats. They found that hypoxia can reduce mineral density and alter bone architecture. The authors applied genistein (phytoestrogen) after the exposure to hypoxia. This intervention increased bone mineral density and expression of osteogenesis-related genes and modified bone architecture. It suggests that phytoestrogens and estrogen-like drugs may be considered in the future as treatment for OSA postmenopausal women [23] . The knowledge of the influence of OSA on BMD is incomplete. It can either destroy or restore bony structure. Further studies are needed to clarify this issue.
Sleep disruption might be associated with higher incidence of fracture. Both sleep and bone disorders are more prevalent in the elderly. Disturbance in diurnal rest-wakefulness rhythms leads to daytime sleepiness and impaired cognition, thus increasing the risk of falling and fracture. Chen et al. found that the risk of osteoporosis is higher in patients diagnosed with OSA in comparison to age-matched controls [24] . Cauley et al. found that hypoxia (percentage of sleep time with arterial oxygen saturation less than 90% measured using polysomnography) during sleep may be associated with greater incidence of falling and non-spine fracture in patients who presented with a low oxygen concentration for 10% or more of sleep time [25] . To summarize, OSA may increase the risk of osteoporosis and fracture. Both of those entities are connected with poorer life quality and raised expenses on healthcare. Hence, it further stresses the importance of the covered topic.
Obstructive sleep apnea and gonads
Sex hormones and breathing affect each other mutually. It is not clarified which hormone is crucial, but progesterone, androgens and estrogens are clearly indicated in the process. On the other hand, sleep disorders, such as OSA, alter hormonal homeostasis. Due to different respiration control and hormones affecting female and male bodies, we reflect separately on the influence of OSA on both genders.
Firstly, we provide a general overview of how sex hormones impact breathing. Neurosteroids are synthesized in the whole human nervous system from cholesterol, steroid precursors and sex steroids circulating in the blood stream. They indirectly modulate breathing through gamma-aminobutyric acid (GABA) or N-methyl-D-aspartate (NMDA) signaling pathways. According to animal studies, the influence may be immediate through androgen, progesterone and estradiol receptors present in the nervous system (carotid body, brainstem). The regulation of breathing is also attributed to brainstem serotoninergic neurons. The structure and activity of all these mechanisms is sex-dependent [26] . It is not clear which hormone is crucial in breathing. Progesterone is associated with hyperventilation during pregnancy. In mice knocked down for the progesterone receptor, the reaction to hypoxia is reduced [27] . Driver et al. found that upper respiratory tract resistance in women is lower in the luteal phase of the menstrual cycle than in the follicular one [28] . These data suggest a positive effect of progesterone on airways. In post-menopausal women on estrogen therapy the incidence of sleep-associated breathing disorders is lower than in treatment-naive women. The connection is even stronger in subjects on estrogen-progesterone therapy, indicating the synergistic effect of those hormones [29] . Studies on the influence of testosterone on respiration have provided conflicting results. Zabka et al. suggested that testosterone impacts breathing via estrogens [30] . To sum up, there are many mechanisms in which hormones affects respiration, but all those regulatory mechanisms are sex-dependent.
Sleep disturbance possibly alter hormonal levels and sexual behavior. Testosterone is secreted in a cyclic manner, mostly due to sleep patterns, and not circadian rhythm. Its concentration peaks in the blood during sleep in the first REM phase and reaches its nadir in the afternoon. Three hours of sleep with normal architecture should be sufficient to maintain testosterone secretion. Additionally, testosterone is subordinated to LH pulses which occur every 90 min [31] . Hence, sleep disruption may be associated with hormonal imbalance. In a study on male rodents, sleep deprivation led to lower testosterone levels and worse sperm viabilities than in controls [32] . JauchChara et al. assessed the hormonal reaction to total sleep deprivation in healthy men. Total testosterone and prolactin levels were significantly lower in the sleep-deficient group [33] .
While data on sleep deprivation are quite consistent, results from research on sleep restriction are contradictory. In young healthy males after a week of 5 h of sleep per night testosterone levels during the day decreased by 10-15%. These men also complained of low libido and vitality [34] . On the other hand, in a similarly constructed study, another group of authors did not find changes in testosterone after sleep reduction to 4 h for 5 nights [35] . The influence of sleep disturbance on testosterone may be due not only to limitation of rest time, but also to the part of the night when this occurs [36] . While there are plenty of studies on males concerning hormones and sleep, in women the subject has been largely overlooked. Kalmbach et al. investigated the influence of night sleep duration and quality on female sexual function. They concluded that sufficient night rest is indispensable to achieve sexual desire and proper genital response [37] . What is most important, sleep deprivation in men lowers testosterone levels, while the effect of restriction is not clear. Women respond to poor night rest with decreased sexual desire. It points to a conclusion that sleep is vital in human reproduction and sexual life.
Studies on the effect of OSA on the male gonadal axis are incompatible. Disrupted sleep architecture may impede physiological nocturnal testosterone rises. In a paper discussing the effect of OSA on the gonadal axis Luboshitzky et al. found a significant negative correlation between the respiratory distress index and LH-testosterone profiles. They suggested that sleep fragmentation, in addition to a high body mass index (BMI) index and ageing, is responsible for hypogonadism in OSA patients [38] . Gambineri et al. tested 15 abdominally obese males with metabolic syndrome and OSA, and compared the results with age-and anthropometric parameter-matched controls without sleep disorders. Both total and free testosterone levels were lower in OSA males. Additionally, negative correlations between polysomnographic parameters and testosterone were found. The number of desaturations per sleeping hour correlated adversely with total and free testosterone even after adjusting for BMI and waist values. This indicates that the severity of hypoxia may influence the gonadal axis independently of obesity [39] . In contrast, Barrett-Connor et al. described the relationships between decreased total testosterone levels, poorer sleep quality and desaturations, but these associations were attenuated or disappeared after correction for BMI and waist size [40] .
Also, the influence of treatment of OSA with CPAP therapy on male gonadal axis is controversial. A recently published meta-analysis including 7 studies did not reveal any changes in total, free testosterone and sex hormone binding globulin (SHBG) before and after therapy, irrespective of treatment time [41] . Obstructive sleep apnea, as well as hypogonadism, leads to fatigue and reduced activity, decreasing the quality of life. Testosterone deficiency in OSA patients was shown to be an independent predictor of fatigue in OSA males [42] . Testosterone therapy in OSA patients might reduce such symptoms, but its usage is still under debate. The effect of a hormone may be dependent on the given dose: therapeutic or supraphysiological. Both testosterone deficiency and large doses of exogenous hormone adversely influence respiration. There have been studies suggesting that testosterone therapy may aggravate or even induce OSA [43] .
It must be stressed that studies on the OSA influence on male hormonal homeostasis give conflicting results. Treatment with CPAP has an uncertain impact on testosterone levels. On the other hand, testosterone supplementation in deficient OSA patient should be introduced only with great consideration. It raises a question of proper medical care in such cases and creates a need for further studies.
While studies on OSA and gonadal function in men are abundant, in women knowledge of this topic is scant. Subramanian et al. assessed sexual dysfunction (SD) with the Female Sexual Function Index (FSFI) in a small group of premenopausal women with OSA. Sexual dysfunction was significantly more prevalent in subjects suffering from sleep disorders [44] . These data were supported by Petersen et al., who investigated 80 female patients varying in age. They did not observe an association between the severity of the disease and SD [45] . More recently, research on both pre-and post-menopausal women was conducted. The authors assessed not only SD but also hormonal changes in women with OSA. In both groups the FSFI score was lower than in controls. There was also a correlation between the severity of OSA and SD, even after adjusting for BMI. Additionally, in the pre-menopausal group progesterone levels correlated negatively with FSFI scores. Progesterone and estradiol levels were lower in severe OSA than in controls. The authors concluded that women with severe OSA have worse sexual function than healthy ones [46] . However, CPAP therapy (long or short term) did not affect female hormonal status [47] .
Polycystic ovary syndrome (PCOS) is the most common endocrinopathy among young women. It is associated with increased risk of metabolic disorders and the possibility of developing OSA. This breathing disorder has been shown to be more prevalent in pre-menopausal PCOS women than in controls, even when taking into account BMI [48] . Conversely, Mokhlesi et al. assembled a group of obese and non-obese PCOS patients and compared them to obese and non-obese controls. All subjects completed Berlin questionnaires -a useful tool to assess risk of OSA. Polysomnography was not performed. The authors found that risk of OSA was elevated in PCOS patients, but only in obese ones. They concluded that obesity is probably a risk factor for OSA [49] .
Although the problem of OSA and hormonal homeostasis in women has been neglected, we may conclude from existing studies that OSA negatively influences sexual function as well as progesterone and estradiol levels. In young PCOS women incidence of this sleep disturbance was high, so they can be subjected to its long-term consequences, e.g. insulin resistance, cardiovascular diseases and depression. These issues require more attention in the future (Table I) .
Obstructive sleep apnea and hyperprolactinemia
Plasma prolactin (PRL) concentrations show a sleep-dependent pattern, with increased secretion during sleep and subsequent lower levels during wakening periods. The syndrome of OSA is associated with chronic sleep fragmentation and severe hypoxemia, both of which could affect the sleep-entrained PRL rhythm [50] . The change in serum prolactin (PRL) secretion in OSA is thought to be related to hypoxic stress [51] . Studies on the PRL secretion axis in OSA provide conflicting results. Due to current disagreements on this topic, Macrea et al. investigated whether CPAP therapy is associated with a significant decrease in serum PRL levels, and also whether, apart from PRL, any other hormone serum level (including that of FSH, LH, and testosterone) is changed significantly after the CPAP therapy [52] . Also, Bratel et al. reported a significant reduction in serum prolactin caused by CPAP treatment [53] . No correlations for PRL levels in patients with severe OSA and no changes induced by CPAP treatment were found by Meston et al. [54] or Spiegel et al. [55] . Recent studies have suggested an emerging hypothesis that sleep disorders, e.g. OSA, could also be related to miscarriages due to its coexistence with polycystic ovarian syndrome and overweight [56] . Taking into account such divergent results of previous studies about hyperprolactinemia in the course of OSA, its effects on sex hormones require further observations.
Obstructive sleep apnea and hyperaldosteronism
Obstructive sleep apnea is commonly related to hyperaldosteronism and both are usually associated with resistant hypertension. Hypoxia-induced sympathetic activation accompanies OSA and may lead to hypertension via stimulation of the renin-angiotensin-aldosterone system. Dudenbos- 
tel et al. suggest that untreated OSA is strongly associated with an increased risk of prevalent hypertension and also that OSA may increase the risk of incident hypertension. The association between OSA, hyperaldosteronism and hypertension seems to be clearer nowadays. Several clinical studies have indicated that excessive aldosterone levels correlate with the severity of OSA and resistant hypertension. The blockade of aldosterone reduces the symptoms of OSA [57] . It has been observed that the severity of OSA is greater in patients with hyperaldosteronism and is related to the degree of aldosterone excess. A few reports in the literature suggest the usefulness of spironolactone, a relatively weak diuretic, in resistant hypertension. Some authors hypothesize that hyperaldosteronism worsens OSA by promoting accumulation of fluid within the neck, which leads to increased upper airway resistance [58] .
According to the results of most studies, hypertensive patients with OSA are defined as being resistant to therapy when their pressures exceed their goal despite treatment with 3 antihypertensive drugs. Most clinicians have a tendency to treat resistant patients with stronger and stronger agents at higher and higher doses. In contrast, a few recent clinical studies have found that aldosterone blockade with spironolactone in low doses decreases the severity of OSA in patients suffering from resistant hypertension. These patients were treated with spironolactone 25-50 mg daily, which was associated with an almost 50% reduction of the severity of OSA [59] . Gaddam et al. reported that aldosterone antagonists provide significant additional blood pressure reduction when added to treatment regimens of patients with resistant hypertension and this is generally well tolerated. However, such treatment may predispose patients to hyperkalemia; therefore, biochemical monitoring is necessary, especially in high-risk patients [60] .
Results of studies measuring the levels of aldosterone in patients with OSA and the effects of CPAP are conflicting. Alajmi et al. performed a meta-analysis of ten randomized controlled trials which included 587 patients with OSA and hypertension. They found that the effects of CPAP were modest and not statistically significant -CPAP reduced systolic blood pressure (SBP) by 3.03 mm Hg (95% CI: 6.7 to -0.61; p = 0.10) and diastolic blood pressure (DBP) by 2.03 mm Hg (95% CI: 4.1 to -0.002; p = 0.05), and the reduction was strongly associated with CPAP compliance [61] .
In sharp contrast to these results, the systematic review and meta-analysis of 1000 patients performed by Schein et al. indicated that treatment with CPAP promoted significant reductions in blood pressure in individuals with OSA [62] . On the basis of such differing data, further studies should be performed to evaluate the effects of long-term CPAP and its impact on cardiovascular risk (Figure 2 ).
Obstructive sleep apnea, insulin resistance and altered glucose metabolism
Insulin sensitivity in adipocytes and skeletal muscle is impaired by activation of aldosterone-induced mineralocorticoid receptors and by altering potassium levels. Thus, hyperaldosteronism may result in worse glucose tolerance [63] . Barcelo et al. performed a study of 66 patients with OSA (33 with metabolic syndrome and 33 without metabolic syndrome) and 35 controls [64] . The results of the study show that aldosterone levels are strongly associated with the severity of OSA and are higher than in controls.
Significant differences in aldosterone levels were detected between OSA patients with and without metabolic syndrome (p = 0.041). They also observed a significant reduction of plasma aldosterone levels in patients under CPAP treatment (p = 0.012) [64] . Visceral adiposity and insulin resistance are associated with increased plasma aldosterone and other adrenal steroids that may contribute to cardiovascular diseases in obese non-hypertensive women. Goodfriend et al. observed elevated plasma aldosterone, plasma cortisol and dehydroepiandrosterone sulfate in women. After weight loss, plasma aldosterone was significantly lower and insulin sensitivity higher [65] .
Numerous studies have shown that, in patients with moderate-to-severe obstructive sleep apnea, compliant CPAP usage may improve insulin secretion capacity, and reduce leptin, total cholesterol, and low-density lipoprotein levels [66] . Leptin showed a significant relationship with insulin resistance, and this relationship remained after 8 weeks of CPAP therapy [67] .
Yang et al. conducted a meta-analysis to evaluate the effects of CPAP on glycemic control and insulin resistance in OSA patients. The analysis showed that CPAP significantly improved insulin resistance in non-diabetic patients with moderate to severe OSA, while no significant change in body mass index was detected. Compared with fasting blood glucose at baseline, there was no change in glycemic control with CPAP [68] .
On the other hand, Steiropoulos et al. found that night-time hypoxia can affect fasting insulin levels, even in non-diabetic OSA patients, and that long-term CPAP treatment can significantly reduce HbA 1c levels, while having no effect on markers of insulin resistance [69] . Further large-scale and controlled studies are needed to estimate possible effects on weight loss and glycemic homeostasis due to longer CPAP treatment.
Obstructive sleep apnea, hypercortisolemia and stress reaction
Sleep has well-known modulatory effects on hypothalamus-pituitary-adrenal (HPA) axis activity. Sleep onset exerts an inhibitory effect on cortisol secretion, while awakenings and sleep offset are accompanied by intensive cortisol production. Abrupt shifts of the sleep period induce a profound disruption in the daily cortisol rhythm, while sleep deprivation or reduced sleep quality seems to result in a modest but functionally important activation of the axis. Human sleep habits are deeply modified by modern lifestyle. Over recent decades sleep duration has shortened from 8 to 6.5 h, resulting in chronic sleep deprivation. Furthermore, accessory disruption of circadian rhythms is nowadays caused by shift work and traveling across time zones. This results in asynchrony between the master hypothalamic clock and pacemakers in peripheral tissues.
Impairment of HPA axis activity has been described in OSA. Nocturnal awakenings are strongly associated with pulsate cortisol release and autonomic activation [70] . However, the literature lacks agreement regarding the effects of OSA on HPA. Some authors have reported elevated cortisol secretion related with increased catecholamine in patients with OSA, assessed either by 24 h profiles or by single measurements of evening cortisol levels, together with markers of sympathetic activation and circulating catecholamines after total or partial sleep deprivation [35] .
In contrast, in other studies altered HPA axis activity has not been observed, and there has been no significant effect on serum cortisol [71] . Recent studies have identified that disrupted cortisol rhythm leads to coexisting elevated free fatty acid levels and decreased leptin levels. It seems to be possible that endocrine mechanisms contributing to the elicitation of insulin resistance and β-cell dysfunction in shift workers affect circadian disruption [72] . Untreated hyperactivity of the HPA axis in OSA leads to the development or worsening of metabolic syndrome.
To our knowledge, several studies have focused on the effects of CPAP on cortisol production. Some authors have reported that CPAP therapy does not reduce cortisol plasma levels. According to the meta-analysis performed by Tomfohr et al., the available studies do not provide clear evidence that OSA is associated with alterations in cortisol levels or that treatment with CPAP changes cortisol levels [73] . In contrast, other research has revealed that untreated compared to treated OSA is associated with marked disturbances in ACTH and cortisol secretory dynamics [74] . Additionally, it has been demonstrated that continuous positive airway pressure therapy decreases evening cortisol concentrations in patients with severe obstructive sleep apnea [75] and that this observed effect may be clinically used in the treatment of OSA, particularly in patients with an increased risk of cardiovascular events.
Coexistence of obstructive sleep apnea and inflammation response
Epidemiological studies suggest that sleep, especially deep sleep, has an inhibitory influence on the HPA axis, while sleeplessness can lead to induction of HPA axis activity. Insomnia causes a 24-hour increase in ACTH and cortisol secretion. Recent studies have demonstrated that sleep deprivation in disorders associated with excessive daytime sleepiness, such as sleep apnea, narcolepsy and idiopathic hypersomnia, provokes an elevation of pro-inflammatory cytokines interleukin (IL)-6 and/or tumor necrosis factor (TNF), whereas daytime napping following a night of total sleep loss appears to be beneficial both for the suppression of IL-6 secretion and for the improvement of alertness. These findings suggest that the HPA axis stimulates arousal, while IL-6 and TNF are facultative mediators of excessive daytime sleepiness in humans [76] .
Obviously, OSA is a state of inflammation associated with elevated levels of C-reactive proteins, IL-6, nuclear factor (NF)-κB, TNF-α, intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1) and E-selectin. Moreover, it is highly probable that oxidative stress induced by nocturnal intermittent hypoxia plays a major role in the formation of reactive oxygen species from leukocytes, the reduction in plasma levels of nitrite, nitrate and antioxidant capacity, and increased lipid peroxidation, all of which are predisposing factors for atherogenesis [77] . This phenomenon has been complemented by biopsy studies demonstrating reduced endothelial nitric oxide synthase expression and increased nitroty-rosine immunofluorescence in the vasculature of such patients.
Furthermore, oxidative stress in OSA correlates with markers of cardiovascular disease such as endothelial function, high blood pressure and its consequences such as intima-media thickness and left ventricular concentric remodeling. Deleterious oxidative stress in OSA is believed to be reversible via CPAP therapy. The same effect may hold for antioxidants; however, more studies are needed to clarify this issue [78] .
Obstructive sleep apnea and weight control
The prevalence of OSA among obese patients exceeds 30%, reaching as high as 50-98% in the morbidly obese population. Obesity is probably the most important risk factor for the development of OSA. Most adults with OSA are overweight (60-90%). Numerous studies have shown the development or worsening of OSA with increasing weight. Neck circumference seems to give the strongest association with OSA, and waist-hip ratio is a risk factor especially in severe obstructive sleep apnea syndrome. Neck circumference and waist-hip ratio seem to be better indicators of allcause mortality than BMI.
Conversely, OSA may itself predispose individuals to worsening obesity because of sleep deprivation, daytime somnolence, and disrupted metabolism. The main mechanisms linking OSA to obesity are increased sympathetic activation, sleep fragmentation, ineffective sleep, and insulin resistance, potentially leading to diabetes and further aggravation of obesity. Additionally, OSA may be associated with changes in leptin, ghrelin, and orexin levels provoking increased appetite and caloric intake and further exacerbating obesity. Thus, it appears that obesity and OSA form a vicious cycle where each results in a worsening of the other [79, 80] . These observations lead to the conclusion that satisfactory control of OSA may become a key element in the fight against overweight and obesity.
Conclusions
Patients with obstructive sleep apnea are at increased risk of endocrinal and metabolic disorders such as osteoporosis, hypogonadism, hyperprolactinemia, hyperaldosteronism and hypercortisolism. These illnesses may lead to serious consequences including shortening of life expectancy [81] . Constantly increasing availability of hormonal tests and tools to diagnose OSA gives us the possibility of early detection of coexisting endocrinal and pulmonary abnormalities, thus giving clinicians the chance of proper treatment in the early phase of those disorders. Interactions between OSA and analyzed entities are complicated and multifaceted, so in the review we underlined vital issues raised in recently published articles. It seems clear that such a modern approach to OSA, which brings implementation of correct therapy, will break the vicious circle of insulin resistance and fertility disorders, and also improve weight control and hypertension. Moreover, recognition and understanding of the interplay between local upper airway dysfunction and its endocrinal consequences enable multidisciplinary care of OSA patients. We believe that our review, by giving insight into novel studies, will facilitate this approach. Due to the epidemic of obesity, proper diagnosis and treatment of OSA have become a priority all over the world. We would like to stress that patients suffering from OSA require complementary therapy which may correct endocrinal changes, improve quality of life and protect from associated morbidity and premature death.
